Background: Effects of food environments (FEs) on childhood obesity are mixed.
| INTRODUCTION
Food environment (FE) is defined as "the availability, affordability, convenience, and desirability of various foods" surrounding individuals. 1 There is growing attention to the influences of FEs on globally increasing childhood obesity, [2] [3] [4] as the FE, particularly in residential neighborhoods, has been recognized to play a vital role in shaping individual purchasing and eating behaviors. 1 For example, many crosssectional studies have shown that higher neighborhood access to grocery stores, 5, 6 supermarkets, [7] [8] [9] and full-service restaurants 9, 10 is associated with higher consumption of healthy food, lower body mass index (BMI), and less severe obesity outcomes in youth; children living in neighborhoods with a higher density of or proximity to fast-food restaurants 10, 11 and convenience stores 12, 13 tend to have less healthy eating behaviors and a higher BMI and weight status.
Mixed findings on the relationships between residential neighborhood FE and weight status have been reported from previous crosssectional studies. 2, 14 For example, the association between access to full-service restaurants in the neighborhood and weight status was found to be negative in some studies, 15 but not significant in other studies. 12, 16 Studies regarding the associations between weight status and access to convenience stores and fast-food outlets have also reported negative 9, 11, 17 and not significant findings. [18] [19] [20] Hence, it is imperative to conduct a large-scale study to deepen our understanding of the roles of different food venues in the obesity epidemic. There has been limited evidence from longitudinal studies. [21] [22] [23] Two existing nationally longitudinal studies using the food outlet data extracted from InfoUSA both examined the relationships between FEs and adolescents' BMI and weight status during the fifth to eighth grades. 2, 3 However, relying exclusively on one source of secondary data to characterize the FE may result in substantial error, 24 and national-scale studies using other FE data sources are needed to provide more robust evidence. 22 Moreover, previous studies have suggested that gender-specific and urbanicity-specific differences may exist in the relationships between neighborhood FE and child obesity risk, [25] [26] [27] [28] and these differences have not been examined in a longitudinal context. In addition, most of previous studies focus on common food venues (eg, grocery store and full-service and fast-food restaurants). 14, 29 It has been suggested that simultaneously accounting for multiple types of healthy and unhealthy food outlets could yield more precise estimates of health effects than when considering only a small number of FE dimensions. [30] [31] [32] [33] Some types of food outlet are sparsely distributed in the United States, such as retail bakery and beverage store. The associations between those food outlets and child obesity have been little examined in local studies due to insufficient study samples and/or variability in exposure to the FE. All these limitations warrant further research and investigation.
Considering that it may take long to observe significant changes in neighborhood FEs, and perhaps even longer to cause behavioral changes and subsequently children's weight status, this study aimed to examine longitudinal associations between residential FEs and children's weight status over 9 years, as well as variations in these associations across gender and urbanicity. The findings of this study have important implications for future urban design and community-based interventions in fighting the obesity epidemic. Considering the degree of overall healthiness of the food mainly provided in each type of food outlets, we hypothesized that decreased exposure to supermarket, full-service restaurant, health/dietetic food store, fruit/vegetable market, and beverage store was associated with higher weight status, while decreased exposure to convenience store, fast-food restaurant, retail bakery, dairy-product store, candy store, and meat/fish market was associated with lower weight status. [38] [39] [40] A widely accepted hypothesis that healthier weight status often relates to a greater land use mix 41 was adapted to this study to examine the association between the food outlet mix (ie, the heterogeneity of the FE) and weight status. An entropy score 41 was used to describe the food outlet mix within a given ZIP code and defined as -
, where p i is the proportion of the ith category of food outlet within the ZIP code, and n = 11 in this study. It equals to 0 when only one type of food outlet is present, and equals to 1 when all types of food outlet are equally mixed. We hypothesized that the increased food outlet mix was associated with lower weight status.
| Covariates
Child 3 | RESULTS
| Sample characteristics
The mean age of these children was 6.2 years at baseline in 1998, with boys slightly older than girls on average (P < 0.001) ( Table 1 ). The baseline weight status was similar between genders, with a mean BMI of 16.4 kg/m 2 and the prevalence of overweight/obesity and obesity being 27.2% and 11.9%, respectively. The significant increases that occurred during 1998 to 2007 in mean BMI (from 16.4 to 22.9, P < 0.001) and prevalence of overweight/obesity (from 27.2% to 35.6%, P < 0.001) and obesity (from 11.9% to 19.7%, P < 0.001) also occurred in boys and girls separately. In 2007, although girls had a higher BMI than boys (23.2 vs 22.6, P = 0.020), boys had higher prevalence of obesity than girls (21.6% vs 17.7%, P = 0.029).
During 1998 to 2007, children's exposure levels to all types of food outlet had increased (P < 0.01), also with an increased degree of mixture of food outlets within their ZIP codes (Table 2) . No gender differences were found for any type of food outlet in both 1998 and 2007.
| Associations of FEs and child BMI
The children who lived in neighborhoods with the presence of candy stores (β = 0.52, P < 0.05) and meat/fish markets (β = 0.58, P < 0.01) in 1998 showed a higher BMI in 2007, compared with their counterparts who lived in neighborhoods without those food outlets in 1998 (Table 3) . A higher BMI in 2007 was observed among children who have been exposed to decreased full-service restaurants (β = 0.68, the 9-year period. These effects were stronger among girls (β = 1.60, P < 0.01 for decreased full-service restaurants; β = 0.91, P < 0.01 for constant retail bakeries) and suburban children (β = 2.96, P < 0.001
for decreased full-service restaurants; β = 0.97, P < 0.05 for constant retail bakeries). The children exposed to decreased beverage stores showed a higher BMI (β = 0.86, P < 0.05), especially boys (β = 1.61, P < 0.01) and suburban children (β = 2.68, P < 0.01). A higher BMI was also associated with decreased health/dietetic food stores in girls (β = 0.87, P < 0.05) and decreased fruit/vegetable markets in boys (β = 1.22, P < 0.01), although girls exposed to decreased fruit/vegetable markets showed a lower BMI (β = −1.23, P < 0.05).
The children exposed to constant fruit/vegetable markets also showed a higher BMI (β = 0.49, P < 0.05), especially boys (β = 0.57, P < 0.05) and urban (β = 0.55, P < 0.05) and suburban children (β = 1.27, P < 0.05), compared with those exposed to increased fruit/vegetable markets. In addition, according to sensitivity analyses on the basis of children who had not changed residence over 9 years, girls exposed to constant supermarkets showed a higher BMI (β = 0.79, P < 0.05) compared with their counterparts who had experienced an increase of supermarkets in their neighborhoods (Table S2 ).
The exposure to decreased dairy-product stores was associated with a lower BMI (β = −0.70, P < 0.05), especially in girls (β = −0.99, P < 0.05) and suburban children (β = −1.19, P < 0.05). A decrease of meat/fish markets was also associated with a lower BMI among suburban children (β = −1.39, P < 0.01). Sensitivity analyses found that rural children exposed to constant candy stores showed a lower BMI (β = −1.19, P < 0.05) compared with their counterparts experiencing an increase of candy stores in their neighborhoods.
| Associations of FEs and child weight status
Despite an increased (decreased) overweight/obesity risk associated with more exposure to some categories of food outlet (Table 4) , no increased (decreased) obesity risk was observed ( (Table S4) . Also, the decreased overweight/obesity risk was found among boys exposed to constant Both associations, however, were not observed for obesity risk (Table 5 ).
The decreased exposure to beverage stores among suburban children was associated with not only higher overweight/obesity risk 
| DISCUSSION
This is a large-scale longitudinal study using nationally representative data in the United States to investigate the relationships between Given the previous mixed findings at different local scales 14 and the increasing trend of nearly all types of food venue over the 9-year period across the country, understanding their association with population weight status, although possibly confounded to some extent, is important for urban and land-use planning in the future. In addition to adding new knowledge to this field, given that many food items are provided in more than one type of food outlet, to include those sparsely distributed food outlets (ie, controlling for these variables) may in turn produce more reliable evidence on the associations between common food outlets and obesity risk.
Although half of our hypotheses were supported by our findings, ie, the effects on children's weight status of supermarket, health/dietetic food store, candy store, fruit/vegetable market, meat/fish market, and beverage store, we need more local studies with the involvement of field validation and the consideration of actual food acquisition and consumption, to elucidate the relationships between some types of food venues and child obesity with unknown pathways. Most types of food venue provide a variety of foods, both healthy and unhealthy. Candy, for example, provided in supermarkets (normally considered as a healthy venue), would be classified as unhealthy when housed in a separate venue. Likewise, the venues classified as convenience stores may also provide healthy options, and the food variety in convenience stores is more varying across regions than in supermarkets (usually chain stores). These reasons might help to explain why we found no significant associations of the exposure to supermarkets with child overweight/obesity risk.
Also, boys with less exposure to beverage stores and girls with more exposure to retail bakeries and dairy-product stores showed a higher weight status, which could be explained by either different social and eating behaviors or actual access to those food venues. However, more ancillary data are needed to substantiate these links. Thus, these results should be interpreted with caution.
Fruit/vegetable markets are usually available in a more mobile form, which may take place only during certain times of a day on certain days of a week (eg, a farmer's market). Previous studies have reported failure of on-site validation for this category. 42 Due to our national study design, we were only able to conduct a visual validation in Google Maps for a limited sample of records, during which we failed to find fruit/vegetable stands either. An additional critique is that availability is not equal to consumption. These reasons may underlie the seemingly counterintuitive association between decreased exposure to fruit/vegetable markets and higher BMI in girls (no obesity risk observed though). Also, the protective effects of the presence of fruit/vegetable markets in 1998 on overweight/obesity of rural children may imply the detriments of food deserts and the importance of balancing different food venues.
This study has some limitations that highlight profitable directions for future research. First, the classification of food venues needs to be improved. Due to the limited number of children relative to a wide range of food outlets of interest, we did not differentiate many detailed categories of food outlets represented by six-digit or eightdigit SIC codes (a deeper level in the hierarchy than six-digit codes).
This prevented us from discriminating effects of distinct types of food outlet falling under one main category, such as seafood and pizza restaurants. However, simply using six-digit or eight-digit SIC codes cannot easily solve this problem, because (a) a six-digit category still includes both healthy and unhealthy venues; (b) the roles of many eight-digit categories in the obesity epidemic remain unclear; and (c) a venue in an eight-digit category may still provide both healthy and unhealthy food, which makes it a contradictory locale. To construct latent diet factors on the basis of intake categories of foods typically offered at each type of FE is a future direction. 43 Furthermore, food offerings in the same type of food outlets may greatly vary by region, except for the case of national chain stores. More work is needed in the future to untangle these complexities, eg, the inclusion of household surveys and individual purchasing and consumption data. Food Environments All (n = 6100) Boy (n = 3030) Girl (n = 3070) Urban (n = 2200) Suburban (n = 2200) Rural (n = 1700) 
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Increased ( 
Increased (ref) Second, although unrealistic at present, the accuracy of the D&B data needs more ground-verification work or remote assessment tools to validate it. [45] [46] [47] In addition to geographic locations, some entities might experience changes in primary markets or become closed during our 9-year study period. Hence, more of the nonspatial information in the D&B datasets, such as the number of employees and business startups and failures, should be better collected and considered to refine the measures of FE changes and construct more robust FE indicators.
Third, individual exposure needs to be measured at a refined level with consideration of food affordability and consumption. 48 For outdoor exposure, the "neighborhood" boundary or individual activity space needs to be delineated, thus enabling individual exposure to the surrounding FEs to be estimated more accurately. 49 Interaction with the surrounding FE is normally assumed to be static, which, however, is rarely true in reality. 26 For indoor exposure, many social factors may play critical roles in children's food and nutrition intakes, such as parenting and feeding styles and practices, 50 frequency of family dinners (ie, frequency of children eating dinner with family), 51 and home/family FEs. 52, 53 Considering all these factors could help to shed light on the mechanisms of influence of FEs on obesity.
Moreover, we did not consider FEs in neighboring ZIP codes, which may disproportionately affect the included children. For example, a child living near the boundary of a given ZIP code may be more affected by the neighboring ZIP code. The irregular size of ZIP codes and the presumably size variability between urban, suburban, and rural ZIP codes may also affect our results. We are also aware that children's realistic interactions with the organizational FE may also be affected by age and other factors (eg, availability of school buses), which should be included in future studies.
In conclusion, this study revealed the relationships between residential FEs and children's BMI and obesity risk over a 9-year followup period in a US nationally representative study. The findings are especially important for those relatively sparsely distributed food outlets. In addition to adding those new knowledge and producing more reliable evidence on the relationships between common food outlets and obesity risk, it also suggests the potential benefit of improving residential FEs for preventing childhood obesity. This study has important public health implications in terms of both neighborhood-level intervention design and urban planning in the future. Survey and consumer purchasing data could be integrated in future research to unravel the mechanisms of how neighborhood FEs affect individual and family behaviors. Food Environments All (n = 6100) Boy (n = 3030) Girl (n = 3070) Urban (n = 2200) Suburban (n = 2200) Rural (n = 1700)
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